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Abstract 
Nowadays, energy conservation in buildings is especially important for countries where high energy consumption in 
residential and tertiary sectors causes the high energy intensity of the whole economy. This paper presents some idea 
of creating energy efficient building envelope. The focus is put on reduction of heat transfer through it. Different 
structures of external walls are analyzed. In high latitude countries walls should be characterized by high thermal 
resistance and high thermal capacity (good storage ability). In the paper traditional multilayer wall structures with 
specific paints on external wall surfaces are analyzed. Paints are characterized by different solar absorptivity. Also 
modern structures with the Phase Change Materials are analyzed. In simulation study it was assumed that PCMs are 
applied in a form of the light thermal mass panels that are integrated with the external wall structure. Mathematical 
model of dynamics of a building has been developed. In the paper stress has been put on energy transfer through 
walls of different structures. The model takes into account the influence of solar radiation on energy balance, 
including availability of solar radiation on walls of different location (inclination and orientation). On a base of the 
model developed the simulation studies have been performed. Selected results of thermal behavior of some multilayer 
structures of external walls of a building have been analyzed. Through comparative studies some recommendations 
for creating building wall structures have been formulated. 
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1. Introduction 
Buildings consume a lot of energy all around the world and are responsible for high environmental 
pollution. However, nowadays the stress on energy efficiency and environmental protection is very 
evident in building sector. The focus is put on refurbishment and thermal modernization of existing 
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buildings and energy saving construction of new buildings. In Europe very important for energy 
efficiency in buildings is the Directive 2010/31/EU on the energy performance of buildings (recast). The 
previous Directive 2002/91/EC of the European Parliament and of the Council on the energy performance 
of buildings has been amended. The main reason of that is that nowadays it is necessary to lay down more 
concrete actions to achieve the great unrealized potential for energy savings in buildings in the EU. In the 
new directive stress is put on a quality of the energy performance certificate scheme. The certificates 
should give correct information about the energy performance of the building and practical advice on 
improving such performance to the prospective buyer and tenant of a building (or building unit). 
According to the Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on 
the energy performance of buildings (Article 9), the ‘nearly zero-energy buildings’ have to be constructed 
in a few years. In the EU after 31 December 2018, new buildings occupied and owned by public 
authorities and after 31 December 2020, all new buildings are nearly zero- energy buildings. The ‘nearly 
zero-energy building ’is defined as a building that has a very high energy performance, that is achieved 
through meeting energy demand by a very significant share of energy from renewable sources, mainly 
produced on-site or nearby. This Directive is very important for implementation of energy efficiency 
policy in residential sector. The new requirements for determining the energy characteristic of a building 
is necessity to take into account the summer season and to calculate how any building, including 
residential one, behaves in summer, if there is any need for cooling energy. The Directive goes much 
more forward than it can be expected by many actors involved in the building sector.  
 
Nomenclature 
 
c specific heat, J/(kg K)   
G solar irradiance, W/m2 
h  convection/radiation heat transfer coefficient, W/(m2K) 
R correction (view) factor to given radiation 
T  temperature, K 
t  time, s 
q   density of energy flux, W/m2 
α  absorptivity for solar radiation 
λ  thermal conductivity, W/(m K) 
ρ density, kg/m3  
2. Traditional options of improving energy efficiency in buildings  
In many countries at the beginning, when energy efficiency policy was introduced in a building sector, 
most of the energy efficiency measures were focused on energy conservation in heat supply and end-use 
side. It was the best way (relatively quick and cheap) to get a reduction in energy consumption in a short 
time in buildings. Energy efficiency measures were focused on improvement of buildings envelopes to 
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reduce heat needs for space heating that were very high. The main reasons for high heat consumption in 
residential buildings were and in some cases still are the following factors: 
x Poor thermal quality of a building envelope: walls, insulation, windows; 
x Poor standard of ventilation (high losses, oversized systems, no heat recovery); 
x Inefficient heat distribution systems inside buildings; 
x Lack of control equipment of the space heat and hot water use; 
x Lack of Demand Side Management (DSM) methods and energy efficiency awareness. 
To improve the energy efficiency in buildings in residential sector the following methods have been 
usually employed: 
x Improvement of thermal characteristics of building envelopes (including basement), to reduce heat 
demand for space heating; 
x Modernization of heat distribution systems and heat exchange stations (centres): introduction of 
automatic control system, applying of heat metering, to reduce heat supplied to buildings and heat 
distributed inside buildings; 
x Modernization of heat source systems (including thermal power plants), local thermal systems and 
boilers, and individual heat sources (as often is done by switching from highly polluting fuel e.g. coal 
to low polluting ones, e.g. gas), to reduce fuel consumption for heat production. 
After the World War II in many countries buildings were constructed very quickly and cheaply by so 
called building factories. Those factories produced so called panel-type buildings of very poor thermal 
quality of the envelope of a building. Therefore special attention has been given to thermal modernisation 
of envelopes of those buildings and retrofitting was performed with the following priorities: 
x Modernization of main external elements of a building envelope by: applying external insulation; 
applying a „second” skin to protect the building against severe climate conditions, very often in a 
form of completely new cladding; improvement of connections between the panels; glazing of 
balconies or loggias; improvement to roofs mostly by applying additional insulation, sometimes by 
changes in shape (e. g. from flat horizontal to inclined). 
x Replacement of old windows and doors, sometimes only tightening or weather proofing, have been 
used.  
To complete the modernization process the following steps have been (and have to be) applied to 
obtain a satisfactory reduction of energy consumption; these are as follows: 
x Modernization of thermal energy management centres; 
x Individual control of heat use: introduction of individual heat metering of every end-user; 
x Modernization/upgrading of ventilation system; 
x Improvement of thermal performance of a basement by insulating ceilings of the basement and 
introducing external insulation on construction walls (piles) below ground level. 
Many analyses have been already done to determine energy efficient and economically viable 
technologies for buildings under modernization. With development of thermal modernization measures, 
energy audits have become one of the most important methods to estimate the best energy and 
economically efficient solutions for refurbishment of buildings. At the beginning of the thermal 
modernization process the standard energy efficiency methods must be applied. When energy 
consumption of a building is reduced through these standard energy conservation methods mentioned 
above, then new innovative technologies can be applied. There is no sense to use expensive new 
technologies to supply heat to the building, if the building consumes a lot of energy. The main rule is the 
energy efficiency first, then other modern energy conservation options, giving priority to upgrading an 
envelope of a building. 
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3. Heat transfer through opaque building elements  
3.1. Background for modeling of energy balance of a building  
Nowadays, when the building envelope is designed and constructed according to energy saving 
measures, with high quality of thermal insulation and high thermal capacity of construction elements, the 
role of energy flow through opaque elements is reduced significantly. However, opaque elements 
constitute the majority of a building envelope. Even if their thermal and physical parameters are selected 
to reduce the heat transfer through them during the whole year, there is still space for new innovative 
technologies to improve energy efficiency of buildings. The paper presents some idea of further reduction 
of energy consumption in buildings through modernization (upgrading) of opaque elements of a building 
envelope, i.e. external walls. To develop research studies on energy efficient technologies in buildings, 
the energy balance of a building has been evaluated taking into account different environmental impact. 
Mathematical model of solar radiation availability and thermal conversion of solar energy in a building 
envelope has been developed [1]. This model takes into account the variations of ambient temperature, 
the direct and diffuse solar radiation, the thermal and optical properties of construction materials as well 
as actual component dimensions and orientation. A ‘representative averaged’ ambient temperature and 
solar radiation regime (taken as that of Warsaw) [2], together with a fixed room size and room 
temperature requirement has been elaborated. The model developed includes unsteady heat conduction in 
solid elements of building envelope, fully detailed equations describing convection from outside and 
inside, and radiation exchange between the ground, the sky and window, and wall, solar radiation 
absorption, transmission or reflection on all surfaces, and the effects of orientation and inclination on 
them. For numerical simulation of the model developed the finite volume method has been used.  
3.2. Modeling of heat transfer through walls 
In the paper stress is put on opaque elements of a building envelope. It is assumed that heat transfer in 
these elements, i.e. walls, takes place through conduction only. In any layer of a wall the temperature 
field is described by the partial differential equation ( Fourier - Kirchhoff's equation) in a following form: 
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To solve the governing heat transfer equation (1) it is necessary to determine boundary and initial 
conditions. Boundary conditions at the outside (ambient surrounding) take into account: convection 
usually forced by wind (hcon,out); thermal radiation with ambient elements (ground, buildings in the 
vicinity, etc.) (hrad,out) and with the sky (hrad,sky); and the solar radiation flux (qsol) incident on external wall 
surface. Heat fluxes exchanged at the boundary surface from outside (environment) by convection, 
thermal and solar radiation are equal to the heat flux exchanged by conduction in the wall. For one 
dimensional heat transfer model the boundary condition at the outside wall surface (left hand side – 
conduction, right hand side: convection + radiation with ambient + radiation with the sky) is the 
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In a model developed for the simulation studies the solar radiation impact is also taken into account. 
Solar energy incident on a building envelope is absorbed by the surfaces of the building depending on 
available solar radiation, that changes in time and depends on the surface location (inclination, 
orientation, shading) and on solar absorptivity of the surface. To calculate solar irradiance of a wall 
surface of any orientation (azimuth angle) and inclination (slope angle) the anisotropic diffuse solar 
radiation model (e.g. HDKR Hay - Davies - Klucher – Reindl)  [3] was used. The solar energy flux 
absorbed by a non-shaded surface (the last component of the boundary condition (2)) depends on the 
absorptivity of the wall surface and solar irradiance incident on a wall considered and can be described as 
follows:  
)()( ,,, tGtq solsolwasol JED    (3) 
Solar irradiance Gsol is determined for given inclination β and oriention γ (azimuth angle) of the surface. 
3.3. Some results of simulation of dynamics of walls with black and white paint 
Many different building materials have been already investigated to improve energy characteristics of 
a building. At the Institute of Heat Engineering, Faculty of Power and Aeronautical Engineering of the 
Warsaw University of Technology the national project on innovative methods of energy conversion and 
storage, and on new materials and systems improving energy efficiency in buildings has been developed. 
One task of the project deals with modeling of building dynamics, including availability of solar energy to 
building envelope. There is also study on application of different building materials applied to increase 
heat storage ability of the envelope and interior of a building. Consideration includes application of the 
Phase Change Materials PCM. Thermal behavior of opaque elements of a building envelope under solar 
irradiation is another problem under consideration. To analyze the problem numerical simulation has been 
used.  
Solar energy incident on opaque buildings elements can be absorbed by a surface of the opaque 
envelope, i.e. wall. The wall surface is characterized by specific solar radiation absorptivity and thermal 
radiation emissivity, what in consequence influences the solar gains and heat transfer phenomena between 
wall and environment and gives impact to energy balance of a building. In analysis performed it has been 
assumed that building envelope constitutes: thick thermal insulation material of very low heat conduction 
(high thermal resistance) and construction material of high thermal capacity determined by high specific 
heat, density and volume of this material. Calculation performed are based on assumption that all the time 
the indoor temperature is kept at the same level (by HVAC system) equal to 200 C. Below some results of 
simulation are presented to show the thermal behavior of an opaque external wall constructed according 
to energy saving measures. There are two options of external surfaces that differ in solar absorptance and 
thermal radiation emissivity. The external wall of a room under consideration is the only one that has a 
direct contact with ambient air. Thermal and physical parameters of the wall layers are following: 
x Paint: 0.01 m -thickness; 1 W/mK -heat conductivity; 2000 kg/m3 -density;  700 J/(kgK) -specific heat; 
x Insulation - glass wool: 0.2 m -thickness; 0.038 W/mK - heat conductivity; 24 kg/m3 -density; 700 
J/(kgK) -specific heat; 
x Brick: 0.24 m -thickness; 0.7 W/mK -heat conductivity; 1600 kg/m3 -density;  840 J/(kgK) -specific 
heat. 
Two different paints that cover external wall surface have been analyzed: the black paint of high solar 
absorptance of 0,9 and of emissivity for thermal radiation equal to 0,8 and white paint of low solar 
absorptance of 0,1 and of the same emissivity for thermal radiation. Two extreme cases of solar 
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absorptivity of external wall surfaces have been taken into account to give completely different ability of 
the surface for photo-thermal conversion (of solar radiation). The emissivity for thermal radiation of the 
white paint at inside of the room is equal to 0,9. 
The numerical simulation has been performed to predict the heat flow changes through the wall by 
month, by hour in the averaged days of every month for the rooms with different location in the building 
under consideration. Some selected results of simulation are presented in graphical form in the paper. To 
present thermal behavior of walls under relatively high irradiation and temperature, the results of 
simulation for one summer month, i.e. July have been selected. The heat fluxes exchanged between the 
wall surface and inside cavity (room) are presented in Fig. 1 and Fig. 2, for walls with black and white 
paint respectively. The curves show changes in heat flow into (positive values) the room or out (negative 
values) of the room (through external wall) marked as “Total”. Total heat flow results of natural 
convection (“Convect”) and thermal radiation (“Rad”) (see Fig. 1 and 2). In a case of the black paint all 
day long there are small heat gains with maximum in the night (4,5 kJ/m2) and minimum at the midday (2 
kJ/m2). The heat gain peak is moved from the day time to the night time due to thermal capacity of the 
wall. In a case of white paint all the time very small heat flux flows out of the room. The heat lost is at 
maximum level in the middle of a day (1,8 kJ/m2) and at minimum in the night (about 0,65 kJ/m2). In this 
case also the effect of thermal capacity of the building is visible. As it was mentioned the building is very 
well insulated and has high thermal capacity. However, the role of painting that covers the external 
surface wall can be seen, but this influence is very small and rather cannot be noticed by inhabitants.  
The solar radiation model taken into consideration is based on averaged climatic data (solar irradiation, 
ambient air temperature). Therefore the extreme summer weather conditions, i.e. very high irradiance 
level and high ambient air temperature, that happens from time to time even in high latitude countries, do 
not exist in the model. It can be expected that in such weather conditions much more heat in a case of the 
black paint (on external wall surface) can be transferred through the envelope into the room, even if 
thermal insulation is used.  
 
 
Fig. 1. Heat flux exchanged between the wall with black paint and inside cavity (room) in the averaged day of July. 
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Fig. 2. Heat flux exchanged between the wall with white paint and inside cavity (room) in the averaged day of July. 
 
 
 
Fig. 3. Changes of temperature inside the external wall with black paint in every 4 hours of averaged day of July. 
 
Fig. 4. Changes of temperature inside the external wall with white paint in every 4 hours of averaged day of July. 
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Figure 3 and 4 present changes of temperature inside the external wall (through its thickness) in every 
4 hours of averaged day of July, for the wall with black and white paint respectively. It can be seen very 
easily where insulation is located and that it is thick enough to reduce nearly fully the effect of 
environment. However, analyzing both figures it is also evident, how big is the temperature difference 
between surfaces with black and white paint. In a case of the black paint the maximum temperature of 
external surface is 500 C and can be seen at noon (12.00 a.m.), and the minimum temperature is equal to 
100 C and it is in early morning (4.00 a.m.), about the sunrise. In a case of the white paint the maximum 
temperature is equal only to 250C and it is at the same time as for the black paint. The minimum 
temperature is also at the same time and it is at the same level. Analyzing all four figures, i.e. Fig. 1 – 
Fig.4, it is evident how the temperature of the wall surface can increase because of high solar absorptivity 
of the surface. If there is no insulation, than the heat gained can be conducted through the wall to interior 
of a building.  However, it can be said the external surface temperature does not say too much of real heat 
transfer through the wall if insulation is applied. 
It should be mentioned that in winter (the results are not presented in the paper) the very small effect 
of type of paint on heat transferred through the wall can be also seen. In a case of black paint heat losses 
through the building envelope are slightly smaller than in a case of the white paint. So it can be concluded 
that it would be recommended to have walls that can change ”the skin” from summer to winter. 
 
3.4. Some results of simulation of dynamics of walls with PCM 
High thermal mass of a building can be achieved through application of materials like Phase Change 
Materials – PCM. PCMs are characterized by very high storage capacity, because of utilization of phase 
change heat. During a solid-liquid transition process, that takes place at the same temperature (nearly), the 
PCM material absorbs heat. Then it holds the heat until the temperature starts decreasing. During a liquid 
– solid transition the PCM releases the heat. The PCM can be integrated into building materials (e.g. 
encapsulated PCM is integrated into concrete or gypsum) or incorporated into building structure in a form 
of the light high thermal mass panel that constitutes one of the envelope layers [4], [5]. 
Simulation studies have been performed for different cases of a wall structure with the PCM composite 
selected for consideration. Different locations of a PCM composite layer in the wall have been taken into 
account. The PCM composite layer is a thermal light mass panel. It can be located in a wall as the 
external layer, the middle layer and the internal layer. The PCM panel together with two other building 
materials: bricks and insulation have been considered in many different configurations of location within 
a wall. In the paper only one selected case is presented in a graphical form. The results of simulation 
studies are presented for two months: January and July. These months represent the two extreme seasons 
of the year, summer and winter, with completely different climatic conditions in high latitude countries 
(Poland). The wall structure has been selected for presentation to demonstrate that a in cold winter 
climate the high thermal resistance of the external wall is needed even if the wall has very good thermal 
capacity. 
The wall under consideration consists of insulation, i.e. mineral wool of 25 cm thickness located in the 
middle of the wall. There is the PCM panel of 1cm thickness from inside and the PCM panel of 1cm 
thickness from outside. The thermal mass panel with PCM content (60% paraffin wax) has following 
parameters: specific heat of solid phase – 2.2 [kJ/kgK]; density – 856 [kg/m3]; thermal conductivity of a 
solid phase – 0.18 W/mK; thermal conductivity of a liquid phase  – 0.14 W/mK; latent heat -70 kJ/K; 
melting temperature – 21,7 0C. Figure 5 and 6 present the temperature field in the wall structure under 
consideration in January and in July. The temperature field inside the wall is presented for every 4 hours 
of the averaged days of the considered months.  
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Fig. 5. Changes of temperature inside the external wall with the insulation in the middle  and the PCM panels at inside and outside 
in every 4 hours of averaged day of January 
 
Fig. 6. Changes of temperature inside the external wall with the insulation in the middle  and the PCM panels at inside and outside 
in every 4 hours of averaged day of July 
Analyzing both figures 5 and 6 it is evident that the external has high enough thermal resistance and 
thermal capacity to keep temperature in a room at the required level, that is 220C, in both seasons, i.e. 
 Dorota A. Chwieduk /  Energy Procedia  57 ( 2014 )  1898– 1907 1907
winter and summer. The wall with thermal insulation (mineral wool of 25 cm) and PCM panel (of 1 cm) 
from outside and inside assures the significant reduction in heat transfer (heat losses) through the wall.  
4. Conclusions 
As it was mentioned many simulation studies have been made to observe heat transfer through walls of 
different structures. On the base of all results of simulation studies it can be concluded that in high 
latitude countries there is always a need to use thermal insulation as one of layers of external walls to 
reduce heat transfer through this part of a building envelope as much as possible. Results show that 
standard two layers walls, with thermal insulation of 20 cm at the external side and the ceramic bricks of 
25 cm at the internal side, are very good solution of a building structure for the north climate. The results 
show that solar absorptivity of the wall surface influences not much on thermal balance of a building, if 
standard insulation as external layer is used. However, in extreme weather conditions it would be 
recommended to have highly solar absorptive surface of external walls in winter and highly solar 
reflective surface of external walls in summer. 
However, if it is required to reduce the mass of external walls and to give more living space in a 
building for inhabitants then innovative wall structure with the PCM can be used. In this case heavy mass 
building materials like bricks (concrete) can be exchanged by the light thermal mass PCM panels. The 
innovative wall structure with the PCM thermal mass panel can give similar thermal state of a building, as 
the standard heavy wall structure. Results of simulation studies show that in high latitude countries the 
innovative wall should consist of insulation layer of 25 cm at the external side and the thermal capacity 
layer with the PCMs panel of 1 cm at the internal side. 
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